Background/Aims: Altered expression and circulating levels of glutathione peroxidase 3 (GPX3) have been observed in obesity and type 2 diabetes (T2D) across species. Here, we investigate whether GPX3 serum concentrations and adipose tissue (AT) GPX3 mRNA expression are related to obesity and weight loss. Methods: GPX3 serum concentration was measured in 630 individuals, including a subgroup (n = 293) for which omental and subcutaneous (SC) GPX3 mRNA expression has been analyzed. GPX3 analyses include three interventions: 6 months after bariatric surgery (n = 80) or combined exercise/hypocaloric diet (n = 20) or twostep bariatric surgery (n = 24) studies. Results: Bariatric surgery-induced weight loss (-25.8 ± 8.4%), but not a moderate weight reduction of -8.8 ± 6.5% was associated with significantly reduced GPX3 serum concentrations. GPX3 mRNA is significantly higher expressed in AT from individuals with normal glucose metabolism compared to T2D patients. SC AT GPX3 expression is significantly higher in lean compared to obese as well as in insulin-sensitive compared insulin-resistant individuals with obesity. Weight loss after bariatric surgery causes a significant increase in SC AT GPX3 expression. AT GPX3 expression significantly correlates with age, BMI, fat distribution, insulin sensitivity (only SC AT), but not with circulating GPX3. Conclusion: Our data support the notion that SC AT GPX3 expression is associated with obesity, fat distribution and related to whole body insulin resistance.
Introduction
Increased oxidative stress, a state of temporarily or chronically elevated reactive oxygen species (ROS) production, belongs to the main manifestations of obesity and type 2 diabetes (T2D) [1, 2] . Elevated ROS production may impair cellular metabolism and damage cellular components [3] . Therefore, in healthy cells, there are antioxidant defense mechanisms to detoxify these highly reactive molecules and to maintain low degrees of oxidative stress [2, 4] . Antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase (GPx) as well as endogenous metabolites are responsible for scavenging and breaking down ROS to less or nonreactive products [2, 4] . At least seven isoforms of GPx proteins have been identified of which glutathione peroxidase 3 (GPX3) accounts for the major anti-oxidative activity in the circulation [5, 6] .
GPX3 is abundantly expressed in kidney and lung and to a lesser amount in adipose tissue (AT) [6, 7] . Expression of GPX3 is regulated by hypermethylation and glucocorticoid receptormediated mechanisms [8] . In addition, GPX3 is a direct estrogen receptor alpha target gene in white AT [9] . GPX3 acts as a modulator of redox signaling, has immunomodulatory function, catalyzes the detoxification of ROS, and has been identified as a tumor suppressor in different types of cancer [6, 8] . Oxidative stress contributes to AT dysfunction in obesity [10, 11] , hence GPX3 may play a crucial role as local defense mechanism, particularly in obesity [5, 12] .
Indeed, GPX3 serum concentrations and AT expression have been shown to be dysregulated in human obesity and metabolic disorders [5, 12, 13] as well as in animal models of obesity and diabetes [5] . In the context of the Diabetes Genome Anatomy Project, GPX3 has been identified as one of the strongest associated genes for the traits insulin sensitivity, adipogenesis, and T2D [14] . We recently found that circulating GPX3 belongs to a cluster of adipokines which is closely related to insulin sensitivity, hyperglycemia, and lipid metabolism [15] . Moreover, the GPX3 gene variant rs8177409 has been shown to be associated with cardiovascular risk in a Mexican population [13] . However, alterations of GPX3 serum concentrations found in association with obesity are heterogeneous and range from significantly increased GPX3 serum concentrations in patients with obesity from Central Mexico [12, 13] to markedly decreased plasma GPX3 in a cohort from Korea [5] .
Collectively, human and rodent data indicate a role of GPX3 in the maintenance of AT function and systemic defense against increased ROS production and suggest that dysregulation of GPX3 contribute to the link between increased AT mass and obesity-related metabolic and cardiovascular diseases. Here, we sought to determine potential associations between circulating GPX3, AT GPX3 expression, obesity and T2D in a Caucasian cohort with a wide range of BMI, fat distribution, and glucose metabolism parameters. We further tested the hypothesis that weight loss interventions cause changes in GPX3 serum concentrations and AT expression.
Material and Methods

Subjects
We included six different cohorts with a total number of 630 individuals in our study of GPX3 serum concentration and AT mRNA expression. In the first cohort (n = 213), we investigated GPX3 serum concentrations in relation to measures of obesity and glucose metabolism in a cross-sectional study (Cohort 1) (Table 1 ). In another cross-sectional study (Cohort 2), we investigated GPX3 mRNA expression in paired visceral omental (vis) and subcutaneous (SC) AT samples in addition to GPX3 serum concentrations (n = 233) ( Table 2 ). In addition, 60 morbidly obese men and women with a BMI of 45 ± 1.3 kg/m 2 scheduled for elective cholecystectomy, explorative laparotomy, or gastric sleeve resection were selected and distributed into two experimental groups of insulin-sensitive (IS) and insulin-resistant (IR) obesity with 30 subjects each as described previously (Cohort 3) [16] . Anthropometric and metabolic characteristics of study participants (n = 213; cross-sectional cohort 1). Data are presented as means ± SD with (range); * p < 0.05 for patients with type 2 diabetes versus controls within each gender; # p < 0.05 for difference between men and women in the control or type 2 diabetes group. FPG, fasting plasma glucose; FPI, fasting plasma insulin; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; GPX3, glutathione peroxidase 3. In interventional studies, we measured circulating GPX3 before and 6 months after a combined exercise and calorie-restricted diet study (Cohort 4, n = 20), before and 6 months after bariatric surgery (Cohort 5, n = 80) ( Table 3 ) and before and 12 ± 2 months after bariatric surgery in the context of a two-step surgery approach (Cohort 6, n = 24). We included the latter intervention to measure AT GPX3 expression before and after significant weight loss in both visceral and SC fat depots.
We defined the following exclusion criteria: i) Thyroid dysfunction, ii) alcohol or drug abuse, iii) pregnancy, iv) treatment with thiazolidinediones. All studies were approved by the ethics committee of the University of Leipzig (approval numbers: 159-12-21052012 and 017-12-23012012), and all subjects gave written informed consent before taking part in the study.
The cohorts had the following specific characteristics:
Cohort 1 213 Caucasian men (n = 110) and women (n = 103) have been consecutively recruited in the context of a study on insulin resistance at the Department of Medicine, University of Leipzig, to represent a wide range of obesity, insulin sensitivity, and glucose tolerance. The age ranged from 19 to 80 years and BMI from 17.1 to 79.1 kg/m 2 . The study included 100 patients with T2D and 113 normal glucose-tolerant controls (Table  1) .
Cohort 2 AT GPX3 mRNA expression was investigated in 233 donors of paired vis and SC AT samples, who underwent abdominal surgery for cholecystectomy, weight reduction surgery, abdominal injuries, or explorative laparotomy (Table 2) . From these individuals, 78 had T2D. All subjects had a stable weight, defined as the absence of fluctuations of > 2% of body weight for at least 3 months before surgery. AT was immediately frozen in liquid nitrogen after explantation. Histologic analyses and measurement of macrophage count in AT was performed as previously described [16, 17] . To determine adipocyte size, in a subgroup of 122 representative AT donors, 200 µL aliquots of adipocytes from both SC and visceral AT were fixed with osmic acid, incubated for 48 h at 37 ° C, and counted in a Coulter counter (Multisizer III; Beckman Coulter, Krefeld, Germany).
Cohort 3
Insulin-sensitive (IS) and insulin-resistant (IR) obesity study. On the basis of the glucose infusion rate (GIR) in euglycemic hyperinsulinemic clamp, patients were defined as either IS (GIR > 70 µmol/kg/min) or IR (GIR < 60 µmol/kg/min). Both groups were matched for gender, age, and BMI. Clinical parameters were assessed as described previously [16] . (Table 3) . Patients underwent a clinical assessment including medical history, physical examination, bioimpedance (BIA) analysis, co-morbidity evaluation as well as nutritional interviews performed by a multidisciplinary consultation team. Weight loss was achieved over a period of 6 months by a diet providing a daily energy deficit of 1,200 kcal/d. Diet adherence was monitored by daily food intake protocols. In addition, study participants were enrolled in 60 min of supervised physical training sessions two days/week. In brief, each training sessions included 20 min of biking or running, 20 min of swimming, and 20 min of warming up/cooling down periods. All subjects completed a graded bicycle-ergometer test to volitional exhaustion and had maximal oxygen uptake measured with an automated open circuit gas analysis system at baseline. The highest oxygen uptake/min reached was defined as the maximal oxygen uptake, and subjects subsequently trained at their individual submaximal heart rate defined as 70-80% of the individual maximal heart rate during the bicycle-ergometer test. At baseline as well as after 1, 3 and 6 months, blood samples were obtained in the fasting state, and measurements of anthropometric parameters were performed.
Cohort 5
Bariatric Surgery Study. 80 Caucasian obese volunteers (55 women, 25 men) participated in a prospective weight loss study before and 12 months after gastric sleeve resection or Roux-en-Y gastric bypass (Table 3) . Data are means ± SD, * p < 0.05 for difference before and after intervention; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HDL, low-density lipoprotein; hsCRP, high-sensitivity C-reactive protein. Cohort 6 Two-Step Bariatric Surgery. In 24 (17 women, 7 men) patients, vis and SC AT biopsies were obtained in the context of a two-step bariatric surgery strategy with gastric sleeve resection as the first step and a Rouxen-Y-gastric bypass as second step operation as previously described [18] . The baseline BMI in this subgroup was 65.3 ± 8.2 kg/m 2 and the BMI 12 ± 2 months after bariatric surgery was 47.1 ± 8.5 kg/m 2 .
Measurement of Body Fat Content, Glucose Metabolism, Insulin Sensitivity
BMI was calculated as weight divided by squared height. Hip circumference was measured over the buttocks; waist circumference was measured at the midpoint between the lower ribs and iliac crest. Percentage body fat was measured by dual X-ray absorptiometry (DEXA) or BIA. In Cohorts 2 and 3, abdominal visceral and SC fat areas were calculated using computed tomography (CT) scans at the level of L4-L5 (n = 87). Insulin sensitivity was assessed using the HOMA-IR index or with the euglycemic-hyperinsulinemic clamp method as described previously [19] .
Analyses of Blood Samples
All baseline blood samples were collected between 8 and 10 a.m. after an overnight fast. Serum GPX3 was measured by an ELISA (Adipogen, Seoul, South Korea). Plasma insulin was measured with an enzyme immunometric assay for the IMMULITE automated analyzer (Diagnostic Products Corporation, Los Angeles, CA, USA). Serum high-sensitive C-reactive protein, adiponectin, IL-6, and leptin were measured as previously described [16] .
GPX3 mRNA Expression Studies
Human GPX3 mRNA expression was measured by quantitative real-time polymerase chain reaction (RT-PCR) in a fluorescent temperature cycler using the TaqMan assay, and fluorescence was detected on an ABI PRISM 7000 sequence detector (Applied Biosystems, Darmstadt, Germany). AT was immediately frozen in liquid nitrogen and stored at -80 ° C. RNA was extracted from adipose tissue by using RNeasy Lipid tissue Mini Kit (Qiagen, Hilden, Germany). Quantity and integrity of RNA were monitored with a NanoVue plus Spectrophotometer (GE Healthcare, Freiburg i.Br., Germany). 1 µg total RNA from SC and vis AT (305 ng RNA from adipocytes and stromal vascular fraction) were reverse-transcribed with standard reagents (Life technologies, Darmstadt, Germany). cDNA was then proceeded for TaqMan probe-based quantitative RT-PCR (qPCR) using the QuantStudio 6 Flex Real-Time PCR System (Life technologies). Human GPX3 expression was measured by qPCR using human GPX3 probe (Hs00173566_m1). Fluorescence emissions were monitored after each cycle. Human GPX3 mRNA expression was calculated relative to the mRNA expression of hypoxanthine guanine phosphoribosyltransferase 1 (HPRT1) (Hs01003267_m1).
Statistical Analyses
Data are shown as means ± SD unless stated otherwise. Before statistical analysis, non-normally distributed parameters were logarithmically transformed to approximate a normal distribution. The following statistical tests were used: paired and unpaired Student's tests, χ 2 -test, Spearman's correlation, and Pearson's simple correlation. Linear relationships were assessed by least square regression analysis. Statistical analysis was performed using SPSS version 12.0 (IBM, Armonk, NY, USA). p values < 0.05 were considered to be statistically significant.
Results
GPX3 Serum Concentration in Obesity and T2D
Anthropometric and metabolic characteristics of 213 individuals included in the crosssectional study (Cohort 1) are summarized in Table 1 . Circulating GPX3 was not different between men and women with normal glucose tolerance and T2D (Fig. 1A) . In addition, we did not find significant differences in GPX3 serum concentrations between individuals of different BMI categories (Fig. 1B) . In these 213 patients with a wide range of age, BMI, glucose tolerance and insulin sensitivity, we found significant relationships between circulating GPX3 and creatinine (r = -0.14, p = 0.04), C-peptide (r = -0.151, p = 0.041), fasting triglycerides (r = -0.162, p = 0.023), and chemerin (r = -0.168, p = 0.032), but not with parameters of (abdominal) obesity, glucose metabolism, insulin sensitivity, and AT biology (data not shown). However, these univariate correlations did not withstand adjustments for age, gender, and BMI.
Changes in GPX3 Serum Concentrations in Response to Different Weight Loss Interventions
Serum GPX3 concentrations are significantly reduced 6 months after bariatric surgery (Cohort 5, Fig. 1C ). Multivariate linear regression analyses identified changes in body weight (or BMI) (β coefficient: 0.37, p < 0.01) and fasting plasma insulin (FPI) (β coefficient: 0.27, p < 0.01) as significant predictors of changes in circulating GPX3.
We further sought to dissect the effects of weight loss and/or improved insulin sensitivity on reduced GPX3 serum concentrations in the context of a 6-month combined exercise hypocaloric diet intervention (Cohort 4). In contrast to the significant effects of bariatric surgery-induced weight loss (-25.8 ± 8.4%), more moderate weight reduction (-8.8 ± 6.5%) and improvements in insulin sensitivity upon this conservative obesity treatment strategy was not sufficient to cause significant changes in GPX3 serum concentrations (Fig. 1D) .
GPX3 mRNA Expression in vis and SC AT
We investigated GPX3 mRNA expression in visceral and SC AT tissue in parallel with GPX3 serum concentrations in 233 individuals, which have been further classified into normal glucose-tolerant (NGT) and T2D patients (Cohort 2, Table 2 ). Compared to T2D patients, individuals with NGT have significantly higher GPX3 expression both in visceral and SC AT ( Fig. 2A) . Moreover, there is a trend for higher GPX3 expression in SC compared to visceral fat only in individuals with NGT (p = 0.08). This fat depot GPX3 expression difference became statistically significant in lean (BMI < 25 kg/m 2 ) individuals (Fig. 2B) . SC GPX3 mRNA expression is significantly higher in AT donors with a BMI < 25 kg/m 2 compared to those with BMI > 30 kg/m 2 , whereas no difference in visceral GPX3 expression could be observed between lean and obese individuals (Fig. 2B) . There was no difference in both visceral and SC AT GPX3 expression between men and women as well as between premenopausal (n = 45) and postmenopausal (n = 105) women (data not shown).
To further dissect the potential effects of fat accumulation from those of insulin resistance, we compared GPX3 expression in 60 BMI-, age-and gender-matched patients with either IS (n = 30) or IR (n = 30) obesity (Cohort 3) [16] . Despite a mean BMI of ∼45 kg/m 2 , we found significantly higher GPX3 mRNA expression in SC compared to vis AT only in IS obesity (Fig. 2C) . In addition, SC, but not vis GPX3 mRNA expression was significantly higher in the IS compared to IR obesity subgroup (Fig. 2C) . In a prospective bariatric surgery study (Cohort 6), in which we had access to vis and SC AT due to a two-step surgery approach, we confirmed that obesity-related reduced GPX3 expression only affects SC AT (Fig. 2D) . Despite a significant weight loss of ∼50 kg, 12 months after the first surgical procedure (sleeve gastrectomy), only SC GPX3 expression increased significantly (Fig. 2D) . Importantly, circulating GPX3 did not reflect these changes in AT GPX3 expression (GPX3 serum concentration baseline 31.5 ± 6.9 ng/mL vs. 12 months post-surgery 29.1 ± 8.4 ng/mL; p = 0.4).
We found significant correlations of SC GPX3 mRNA expression with age, BMI, SC and visceral fat areas, mean SC adipocyte size, fasting plasma insulin, and HOMA-IR (Table 4) . Vis GPX3 mRNA expression also correlates with age, BMI, mean visceral adipocyte size, SC, and visceral fat areas (Table 4) . However, none of these correlations remained significant after adjusting for age, gender, and BMI (Table 4) .
Discussion
Expansion of AT during weight gain is frequently associated with increasingly "stressful conditions" including hypoxia [20] , cellular stresses such as oxidative and endoplasmatic reticulum stress [10] , autophagy [21] , and apoptosis [22] , which are reflected by increased macrophage infiltration into AT [23, 24] . AT dysfunction is associated with local inflammation and ROS accumulation subsequently leading to altered tissue crosstalk through adipokines and AT-derived metabolites [10, 25] . Resulting systemic oxidative stress may link impaired AT function to metabolic abnormalities and cardiometabolic diseases [25] . At the tissue and systemic level, there are defense mechanisms against increased ROS production which include antioxidant enzymes such as superoxide dismutase, catalase, and GPX [2, 4] . There are several lines of evidence suggesting that conditions promoting oxidative stress (e.g. hypoxia, inflammation) may also cause down-regulation of GPX3 expression in AT and in the On the basis of the glucose infusion rate (GIR) in euglycemic-hyperinsulinemic clamps, patients were defined as either IS (GIR > 70 µmol/kg/min) or IR (GIR < 60 µmol/kg/min). Both groups were matched for gender, age, and BMI. D GPX3 mRNA expression in vis and SC adipose tissue after significant 48 ± 12 kg weight loss in response to bariatric surgery. 24 patients underwent a two-step bariatric surgery strategy with gastric sleeve resection as the first step and a Roux-en-Y gastric bypass as second step 12 ± 2 months later. At both time points, vis and SC adipose tissue were obtained. ** p < 0.01, * p < 0.05. Data are means ± SEM. Langhardt 
circulation. In this context, decreased plasma GPX3 has been shown in Korean patients with obesity [5] , children with increased risk for idiopathic stroke [26] , and patients with ovarian cancer [27] , ischemic heart disease [28] , type 2 diabetes [29] and other diseases. These data are supported by significantly lower GPX3 plasma concentrations observed in animal models for obesity (ob/ob) and type 2 diabetes (db/db) [5] . Both in human studies and in animal models, reduced GPX3 plasma concentration and activity could be related to decreased expression of GPX3 in AT [5, 30] .
In our study, we did not find differences in GPX3 serum concentrations in patients with obesity compared to lean and overweight individuals or in patients with T2D compared to individuals with normal glucose metabolism. Our data are in contrast to the reported reduced GPX3 plasma activity and concentration in patients with obesity from Korea [5] and the previously shown higher GPX3 serum concentrations in overweight and obese patients from Central Mexico [12, 13] . Given these heterogeneous observations, it is tempting to speculate that ethnic differences between our Caucasian and the previously investigated [5, 12, 13] cohorts from other ethnicities contribute to different associations between circulating GPX3 and obesity. Indeed, GPX3 allele diversity has been shown in Brazilian, Caucasian, African, and Asian populations [31] . Although polymorphisms in the GPX3 promoter region could not directly been linked to circulating GPX3, distinct GPX3 gene polymorphisms may contribute to a higher risk of obesity [13] , ischemic stroke [31] , and cerebral venous thrombosis [13, 31] . In addition, phenotype differences between the human cohorts as well as differences in smoking status, concomitant medication, dietary habits and others may underlie the heterogeneous associations between GPX3, obesity and T2D. In this context, glitazones have been shown to regulate GPX3 expression and GPX3 serum concentrations in mice and man [5, 30] . However, in our study, patients treated with thiazolidinediones have been excluded. An important limitation of our study is that we only report GPX3 serum protein, but not activity. On the other hand, GPX3 protein concentration in the circulation and activity are correlated [5, 32] , suggesting that we could extrapolate GPX3 activity from GPX3 serum concentrations. Noteworthy, we and others [5, 12, 13] did not find previously suggested gender differences with ∼17% higher GPX3 serum concentration in women as compared to men [32] .
To further elucidate the heterogeneous associations between circulating GPX3 and obesity observed in different cohorts, we analyzed GPX3 serum concentrations in two inde- pendent weight loss interventions. We found significantly reduced GPX3 serum concentrations in morbidly obese patients 6 months after bariatric surgery. The reduction in GPX3 serum concentrations closely corresponds to the approximately 26% decreased body weight. In contrast, approximately 9% lower BMI 6 months after a combined hypocaloric diet and exercise program did not cause changes in GPX3 serum concentrations, suggesting that the extent of weight loss may determine changes in circulating GPX3. We could not confirm significantly increased GPX3 serum concentrations observed in previous diet and exercise interventions in patients with a BMI between 31-35 kg/m 2 [33] or < 40 kg/m 2 [34] . Because the majority of individuals included into our weight loss intervention had a BMI > 40 kg/m 2 , we suggest that individuals with a lower BMI and presumably earlier stage of obesity with less GPX3-suppressing AT inflammation are still able to activate GPX3 upon diet and exercise interventions.
Our data on reduced GPX3 serum concentrations upon bariatric surgery-induced weight loss may support data from the study in Central Mexico which found significantly higher circulating GPX3 in overweight and obese patients. Discrepant correlations between body weight and circulating GPX3 may be due to differences in the regulation of GPX3 expression in different tissues. Kidney and lung have been considered the main source for circulating GPX3 [6, 7] . This view has been challenged by data demonstrating that reduced AT but not lung and kidney GPX3 expression translates into reduced GPX3 plasma activity [5] . We therefore systematically studied abdominal visceral and SC AT GPX3 mRNA expression in parallel to GPX3 serum concentrations in a large cohort of individuals with a wide range of obesity, fat distribution and glucose metabolism / insulin sensitivity parameters. In addition, we included analyses of extreme obesity subphenotypes with IS compared to IR obesity [16] and a two-step bariatric surgery approach allowing to investigate changes in GPX3 AT expression (both SC and visceral depots) longitudinally [18, 35] .
Indeed, we confirmed the previously reported reduced GPX3 expression in AT in obesity [5] and T2D. Interestingly, GPX3 mRNA was significantly higher in both visceral and SC fat depots in individuals with normal glucose metabolism as compared to T2D patients, whereas the comparison of AT GPX3 expression in different BMI categories only revealed significantly lower GPX3 expression in SC, but not in vis AT. Because GPX3 is an estrogen receptor alpha target gene in AT [9] , we expected gender differences in AT GPX3 expression. Interestingly, we neither found differences between men and women nor between pre-and postmenopausal women in both vis and SC AT GPX3 expression. This suggests that factors other than estrogen may predominantly modulate GPX3 gene expression in human AT. Stress-related factors including ROS may represent more important modulators of GPX3 expression in AT [5, 12] . Under stressful conditions such as inflammation and hypoxia [36] , local AT GPX3 expression is suppressed. However, we did not measure oxidative stress in AT as previous studies did [5] and can therefore not draw any conclusion from our own data that dysregulation of GPX3 may contribute to adipocyte and AT dysfunction.
In SC AT, we found significant negative correlations between GPX3 expression and BMI, abdominal SC and visceral fat areas, adipocyte size as well as fasting plasma insulin and HOMA-IR, whereas in visceral AT, we only found GPX3 expression to be correlated with BMI, abdominal SC and visceral fat areas, and mean adipocyte size. Abdominal visceral fat distribution and AT dysfunction predominantly in visceral fat have been linked to insulin resistance [11, 13] . Therefore, it was surprising that GPX3 expression only in SC AT correlates with parameters of insulin sensitivity. However, associations between markers of insulin sensitivity and GPX3 expression in SC AT were not significant after adjusting for age, gender and BMI, suggesting that GPX3 in AT does independently of possible age and BMI effects contribute to the link between AT dysfunction, insulin resistance and impaired glucose metabolism. In contrast, we found that patients with IS obesity have significantly higher GPX3 in SC AT patients. The fact that we cannot confirm an ageand BMI-independent relationship between AT GPX3 expression and HOMA-IR may be explained by the somewhat artificial model of IS versus IR obesity, which disregards the range of BMI in relation to insulin sensitivity. Based on these data, we conclude that AT GPX3 expression does not play a causative role in the link between AT dysfunction and whole-body insulin resistance. We have previously shown that despite matching for BMI, age, gender and total body fat mass, patients with IS obesity are to some extent protected against visceral and ectopic fat deposition and AT inflammation [16] . Data from this biological model of maintained insulin sensitivity independently of obesity therefore suggest that impaired expandability of SC AT, adipocyte hypertrophy, and AT inflammation may cause reduced GPX3 expression. Moreover, our data support the notion that GPX3 expression in AT could be diminished by local pro-inflammatory factors such as TNF-α and lipopolysaccharide [5] . Low AT inflammation and low expression of pro-inflammatory cytokines are hallmarks of AT biology in patients with IS obesity [16] .
Using a two-step bariatric surgery with sleeve gastrectomy as first and, about 12 months later, Roux-en-Y gastric bypass surgery as second step, we were able to evaluate longitudinal GPX3 expression changes in both abdominal visceral and SC AT. Importantly, patients in the two-step bariatric surgery group were not in a negative energy balance at the time of the second surgery, because a stable body weight over at least 3 months was a prerequisite and indication for the second surgical procedure. We found that upon significant weight loss, GPX3 expression significantly increased only in SC AT. These data suggest that SC AT GPX3 is more responsive to weight-loss associated changes in AT than visceral GPX3 expression These data further support the notion that AT GPX3 expression is regulated in a fat depotspecific pattern.
Interestingly, we did not find significant associations between these differences or changes in SC AT GPX3 expression and GPX3 serum concentrations. Paradoxically and in contrast to expectations from previous studies [5] , increased SC AT GPX3 expression was associated with lower GPX3 serum concentrations after bariatric surgery-induced weight loss. In cross-sectional analyses, we did not find correlations between AT GPX3 expression (both fat depots) and circulating GPX3. Even in the model of IS versus IR obesity, an approximately 40% increased SC AT GPX3 expression was not related to differences in GPX3 serum concentrations between these obese subphenotypes.
It has been reported that the release of GPX3 from AT depends on total AT mass, and in vitro GPX3 secretion per kilogram AT decreases with increasing total body fat mass [37] . However, it remains unclear whether and how differences in total body fat mass affect in vivo GPX3 release from AT in humans. Moreover, GPX3 serum concentrations reflect the net (and combined) release from kidney, lung, AT, and other organs. The absence of the relationship between AT GPX3 expression and circulating GPX3 suggests that at least in our cohort, tissues other than AT may determine GPX3 serum concentrations. In obese Otsuka-Long-EvansTokushima Fatty (OLETF) rats, increased serum GPX was due to increased secretion of GPX from the kidney, but not from AT [30] . In contrast, in mouse models for obesity and diabetes, decreased GPX3 serum activity was primarily caused by reduced AT GPX3 expression, whereas kidney GPX3 expression was not related to obesity [5] .
In the context of human studies, it is difficult to systematically analyze the contribution of different organs to circulating GPX3. It therefore remains an open question which tissues predominantly underlie the reported associations of circulating GPX3 with obesity [5, 12, 13] , weight loss (own data), cardiovascular diseases [13, 31] , T2D [29] , insulin sensitivity, hyperglycemia, lipid metabolism [15] , and certain types of cancer [27, 38, 39] .
In summary, we extent previous findings that obesity is associated with decreased AT GPX3 expression by demonstrating that significant weight loss after bariatric surgery can
